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SIMULTANEOUS VELOCITY MEASUREMENT OF WATER AND BUBBLE FLOWS  
IN BREAKING WAVES 
 
 
Junichi  Otsuka1 and Yasunori Watanabe2 
 
 
ABSTRACT 
 
Breaking waves produce numbers of vortices through a jet splashing process and also entrain 
many air bubbles, forming complicated air-water two-phase turbulent flow field in a surf zone. In 
this research, a simultaneous velocity measurement technique of water and bubble flows in breaking 
waves is developed for characterizing water-bubble interactions within vortices in a surf zone. The 
bubbles and neutral buoyant tracers are separately recorded by two different digital video cameras 
on the basis of an optical filtering technique. It is found that bubble motion does not follow water 
flow in a vortex, and mean bubble velocity is always higher than water velocity in breaking waves. 
Bubble-induced turbulent energy is estimated to be less than 10 % of total turbulent energy. 
 
 
1. INTRODUCTION 
 
In a surf zone, plunging jets of breaking waves sequentially splash on a forward water surface 
to produce three-dimensional vortices (Nadaoka et al., 1989) and to entrain many air bubbles, 
forming three-dimensional air-water turbulent flow. The entrained bubbles are trapped within the 
vortices due to their radical pressure gradients, and are accelerated in the wave direction due to 
pressure gradients at the breaking wave front. Since a bubble in a turbulent flow responds to 
pressure gradients three times faster than a water particle (Lance and Bataille, 1991), the relative 
velocity between the water and bubble flows increases and the resulting drag force induces small-
scale turbulence. Although it has been found that the bubble-induced turbulence has significant 
effects on changing a local turbulent flow field in the aerated region as well as additional energy 
dissipation of breaking waves (Lamarre and Melville, 1991), the bubble-water interactions in three-
dimensional air-water turbulent flow in breaking waves has not been understood since velocity 
measurements in an aerated region were very difficult to be made (Longo et al., 2002).  
In this study, a simultaneous velocity measurement technique of water and bubble flows in 
breaking waves using Particle Image Velocimetry (PIV) is developed. Images of the bubbles and 
fluorescent neutral buoyant tracers on the horizontal and vertical planes illuminated by an laser sheet 
were separately captured using two different digital high-speed video camera attached a high- and 
low-pass optical filter on the each camera. The measurement technique was confirmed to be capable 
of capturing separately water and bubble flows and estimating the bubbles contribution to the total 
turbulent flow in breaking waves. 
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2. EXPERIMENTS 
 
2.1 Experimental set-up 
 
Experiments were conducted in a wave flume of 8.00 m in length, 0.60 m in depth and 0.25 m 
in width with transparent acrylic sidewalls and bottom (see Figure1). Waves were generated by a 
piston-type wave paddle set up at the one end of the wave flume. A hinge was set at the bottom 
under the wave paddle, and the flume was sloped by an oil jack fixed under the bottom at the other 
end to create a uniform beach slope of 1 in 20. Fluorescent neutral buoyant tracers of 50 - 110 µm in 
diameter were used in the experiments. A laser sheet was installed on both of vertical and horizontal 
planes for illuminating bubbles and tracers on each cross-section. Vertical and horizontal 
distributions of the bubbles and tracers on illuminated planes were recorded by two 8-bit digital 
high-speed video cameras (Photron FASTCAM – X1280PCI), placed by the side wall and under the 
transparent bottom, respectively. The resolution of the cameras was 1024 × 1024 pixels, and the 
acquisition frequency was 250 Hz. The field of view for each camera was 25 cm ×  25 cm. The both 
two cameras were connected to image grabbers, which were controlled to be synchronized. Image 
acquisition was triggered by a TTL signal generated when a wave gauge placed in front of the wave 
paddle detected the first generated wave. The captured images were stored in a personal computer 
connected to the image grabbers during the measurement, and then they were converted into 8-bit 
bitmap files. Another wave gauge was set at a measurement site to be triggered by the same signal 
with the image acquisition system. 
Simultaneous velocities and wave fields 
were obtained at the same site by the 
synchronized images and wave records. 
The experiments were carried out for 
plunging-spilling intermediate type of 
breaking waves, of which the breaking 
wave height (Hb), the breaking water depth 
(hb), and the wave period (T) were 13.6 
cm, 17.5 cm, 1.43 s, respectively. The 
horizontal x (in the direction of wave 
propagation), spanwise y and vertical z 
coordinates with the origin at the breaking 
point and a sidewall on a still water level 
are defined (see Figure2). The 
measurements were performed at three 
sites : x = 40 cm (site1), x = 70 cm (site2) 
and x = 150 cm (site3). Site1 and site2 
correspond to the first and second plunging 
points, respectively. The large-scale 
turbulence directly produced by splashing 
waves finally evolves into turbulent bores 
in a bore region. The site3 is in the bore 
region. The water depth at the three sites 
were 15.5 cm, 14.0 cm, 10.0 cm, 
respectively (see Figure2). The incident 
and reflection wave heights were unable to 
be precisely determined, because the flume 
does not involve a constant depth section 
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Figure2 Coordinates system and measurement sites. 
 
Figure1 Experimental set-up 
The 7th Int.  Conf. on Hydroscience and Engineering (ICHE-2006), Sep. 10 – Sep. 13, Philadelphia, USA 3 
following a wave paddle, while the offshore incident 
wave height was estimated to be 11.27 cm on the 
basis of a linear wave theory for a constant depth. A 
reflection coefficient in the above wave condition can 
be estimated to be less than 0.02 according to Straub 
et al (1958), and therefore reflection waves on slope 
may be negligible in this experiment. The waves 
always periodically broke at the same breaking point. 
 
2.2 Image acquisition and pre-processing 
 
A high-pass optical filter (a wavelength of 
about 550 nm or shorter being filtered out) was 
attached on the first camera lens to capture only the 
laser-induced fluorescent lights (a peak wave length 
of about 570 nm) emitted from the fluorescent tracers 
and to filtered out reflection lights (wavelength of 
514.5nm and 488.0nm) from air bubbles entrained by 
breaking waves (see Figure3 (a)). A low-pass optical 
filter (a wavelength of about 530 nm or longer being 
filtered out) was also attached on the second camera 
lens to capture only the reflection lights from the 
bubbles (the wavelength of 514.5 nm and 488.0 nm) 
and to filter out the fluorescent lights (see Figure3 
(b)). Image noise was reduced by Gaussian and top-
hat digital filters. The captured image coordinates 
were transformed to the real coordinates using a 
linear projection (see Figure4). Although bubbles can 
be optically eliminated from images, the 
measurements could become inaccurate in highly 
aerated region due to changes and blocks of the 
optical paths. Therefore, in our experiments, the 
measurements were limited to non-aerated or diluted 
bubble flows beneath trough level of waves. 
(a)
(b)
 
Figure3 Optically split images for
fluorescent tracers (a) and bubbles (b). 
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Figure4 Image pre-processing procedure.
 
2.3 Velocity measurement technique 
 
Particle image velocimetry (PIV) is effective for 
measuring a planer distribution of local flow. Many 
research of turbulent flows in breaking waves have 
been conducted using PIV (e.g. Greated et al 1992, 
Chang and Liu 1998, Melville et al 2002). In our 
experiments, a standard type of FFT based PIV 
technique was used. Window size was 100 ×  100 
pixels (17 ×  17 mm) and a size of interrogation 
region was 180 ×  180 pixels (31 ×  31 mm). The 
window was overlapped at 10 pixels interval. Missing 
velocities were replaced by the median value of the 
velocities over surrounding 25 grids only if the grids 
filled with more than 20 velocities. Accuracies of our 
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PIV has been confirmed by using PIV standard images (PIV standardization and popularization 
project, visualization society of Japan) : the relative standard deviation of the velocities was 4.77 % 
and correlation coefficient of the velocities was 0.97. 
 
 
3. BUBBLES MOTION IN FLUID 
 
In the low particle Reynolds number, a small spherical bubble motion may be described by 
Basset-Boussines-Ossen (BBO) equation,  
 
 ( ) 


 −++−=
dt
dv
dt
dv
d
dt
dv
dvvd
dt
dvd bff
f
fbf
b
b ρπρππµρπ 333 12636  (1) 
 
where subscript b and f denote bubble and fluid, respectively. d is the diameter of the spherical 
bubble, ρ is the density, v is the velocity, and µ is the viscosity coefficient. In the right-hand side of 
eq. (1), the first, second and third term denotes the effects of drag force, effects of pressure gradients 
and additional mass, respectively. Eq. (1) can be simplified as 
 
 ( ) ,dtdvbvvadtdv fbfb +−=  (2) 
 
where  
 
 ( ) 22 36 da fb ρρ
µ
+=    ,   fb
fb ρρ
ρ
+= 2
3
  (3) 
 
Assuming ρb << ρf, b , indicating equation (2) represents that a bubble responds to the pressure 
gradient three times faster than a water particle. In a wave breaking case, this effect of pressure 
gradient to bubble flows is significant since there are high pressure gradients in large-scale vortices 
due to wave breaking and also at the front face of waves. 
3≅
 
 
4. RESULTS 
 
4.1 Instantaneous velocities 
 
Figure5 shows the surface elevation and the instantaneous velocities of water and bubble 
flows on the vertical plane after a breaking wave front has passed over the site2. The time interval of 
the successive vector plots ((b) and (c)) is 0.004 s. Since, at the breaking wave front, a water jet (red 
vector) of a breaking wave plunges and splashes on a forward water surface, the velocities were 
unable to be estimated due to very high concentration of bubbles. Behind the breaking wave front, 
typical upward water flow is distributed from the bottom to water surface, and the upward bubble 
flow (blue vector) is also observed to obliquely distribute in this region. This bubble motion may 
indicate a two-dimensional projection of a three-dimensional bubble flow within an obliquely 
descending eddies. 
Figure6 shows the instantaneous velocity vectors of water and bubble flows on the horizontal 
plane at z = - 4cm (just under the trough level of waves), z = - 12 cm (just above the bottom) at site2. 
Before a breaking wave front passes the site, the bubbles entrained by the previous wave are 
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passively transported from a shore by 
undertow (see Figure6 (a)). At the next onset 
of wave breaking, newly entrained bubbles 
are involved in water flow and are 
transported toward a shore. The bubble 
velocity is higher than the water velocity, 
and the orientation of the bubble flow is not 
identical with that of the water flow, because 
bubbles are accelerated by radical pressure 
gradients within three-dimensional vortices 
and horizontal pressure gradients in 
breaking waves as explained in section 2.4. 
Since large bubbles tend to quickly buoyant 
in a short duration, only smaller bubbles can 
be transported to depths, and less numbers 
of smaller bubbles are involved in vertically 
rotating water flows in a deeper region (see 
Figure6 (c), (d)). It is also found that small 
bubbles tend to be passively transported 
along the water flows at identical velocity 
and orientation in this region. 
 
4.2 Temporal features of water and 
bubble velocities 
 
Figure7 shows the time records of 
surface elevation and spatial averaged 
velocities of water and bubble flows at z = - 
4 cm (just under the trough level of waves) 
at site2 and site3. It is seen that the cross-
shore velocity of bubbles is always higher 
than the water velocity because of the effect 
of the horizontal pressure gradients at the 
breaking wave front (see Figure7 (b), (e)). 
After breaking wave front have passed, the 
both of cross-shore and lateral bubble 
velocities tend to fluctuate unlike the water 
velocity. These velocity fluctuations may be 
due to the radical pressure gradients within 
three-dimensional vortices, since the typical 
large-scale vortices are transported to the 
site during this term (see Figure6 (b)). 
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Figure5 Surface elevation and instantaneous
velocities of water and bubble flows on the
vertical plane after a breaking wave front has
passed over the site2. ((a) ; surface elevation, (b),
(c) ; successive velocity vector plots from 0.380
sec to 0.384 sec after breaking wave front has
passed, red ; water velocity, blue ; bubble
velocity). 
Figure8 shows the time records of surface elevation and spatial averaged turbulent energy of 
water flow at site2 and site3. The spatial-averaged turbulent energy at each depth is defined as 
)''( 2221 vuk f += , where u  are the cross-shore and lateral velocity fluctuations with respect to the 
spatial-averaged water velocity at each depth 
',' v
. At site2, the mean turbulent energy sometimes increases after passage of breaking waves at z 
= - 4 cm (see Figure8 (b)). In a bore region (site3), this intermittent feature of the turbulent energy is 
found to be reduced (see Figure8 (d)). 
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Figure6 Instantaneous velocities of water and bubble flows on the horizontal plane at site2.
((a),(b) ; z = - 4 cm, just under the trough level of waves, (c),(d) ; z = - 12 cm, just above the
bottom, (a),(c) ; 0.510 second before a breaking wave front passes, (b),(d) ; 0.220 second after
a breaking wave front has passed, red : water velocity, blue : bubble velocity). 
4.3 Bubbles induced turbulence 
 
According to Lance (1991), the energy dissipation induced due to the presence of bubbles may 
be estimated by rate of fluid ε. 
 
 ,
3
Rd UCD
αε ≈   (5) 
 
where α denotes the void fraction, D is the bubble diameter, Cd is the drag coefficient, and UR is the 
relative velocity of bubbles and water. Assuming homogeneous turbulence in an inertial sub-range, 
the energy dissipation rate of fluid ε  may be expressed by  
 
 l
u 3'≈ε   (6) 
 
where l is lengthscale of turbulence. Substituting eq. (6) into (5), bubble-induced turbulent energy kb 
( 221 'u≈ ) may be expressed by 
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Figure7 Surface elevation and spatial averaged velocities of water and bubble flows in the 
wave direction and lateral direction on the horizontal plane at z = - 4 cm.at site2 and site3 ((a), 
(d) ; surface elevation, (b), (e) ; spatial averaged velocities in the wave direction, (c), (f) ;
spatial averaged velocities in the lateral direction, red line ; water velocity, blue line ; bubble
velocity ). .)(
2
3
2
Rdb UCD
lk α≈   (7) 
though the void fraction (α) and bubble diameter (D) are unable to specify in our experiments, we 
sume uniformly aerated wave field at α = 0.1, D = 1.0 mm as a first approximation for roughly 
timating kb. We applied the value of α and D from the results of the experimental studies 
rformed by Cox and Shin (2003) and Deane and Stokes (1999). It may also be appropriate to 
sume the length-scale of turbulence is identical to the wave height. 
Figure9 shows the ratio of the bubble-induced turbulent energy to the fluid turbulent energy 
e to wave breaking. kb / kf  increases with the propagation of breaking waves since the aeration is 
hanced during wave breaking process. The maximum kb / kf  can be estimated to be about 10 %, 
ich indicates the entrainments of bubbles considerably affect overall wave breaking flows as a 
urce of turbulence as well as local water flows within the aerated region as shown in Figure6 (b). 
CONCLUSIONS 
Both of water and bubble flows in the three-dimensional vortices generated by breaking waves 
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were simultaneously measured by the 
proposing imaging technique. Entrained 
bubbles sensitively respond to horizontal 
pressure gradients at a breaking wave front, 
and they are accelerated faster than water flow 
in the wave direction. In addition, motion of 
the bubbles trapped within the three-
dimensional vortices produced by breaking 
waves is highly affected by radical pressure 
gradients of the vortices, and therefore the 
bubble velocity is always faster than water 
flow in the vortices and the orientation of 
bubbles is not identical with water flow. The 
bubble motion induces additional small-scale 
turbulence due to drag forces in local turbulent 
flow of breaking waves. The ratio of the 
bubble-induced turbulent energy to the fluid 
turbulent energy due to the wave breaking is 
estimated to be up to 10 %, indicating 
considerable effects of aeration to wave 
breaking process. 
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Figure8 Surface elevation and spatial averaged turbulent energy of fluid at site2 and site3 ((a), 
(c) ; surface elevation, (b), (d) ; turbulent energy of fluid, red line ; z = - 4 cm, blue line z = - 8 
cm ; green line ; z = - 12 ). 
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Figure9 Ratio of the bubble-induced turbulent 
energy to the fluid turbulent energy due to wave 
breaking (kb ; bubble-induced turbulent energy, 
kf ; fluid turbulent energy, h ; still water depth, 
red ; x = 40 cm, blue ; x = 70 cm, green ; x =  150 
cm). 
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